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short distances, again a mismatch with empirical data. Adding resource
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persal evolution in a real seascape in Belize and find that the simulated
dispersal kernel and an empirical dispersal kernel from that seascape
both have the same shape, with a high level of short-distance dispersal
and a low level of long-distance dispersal. The novel contributions of
this work are to provide a spatially explicit analytic extension of Hamil-
ton andMay’s 1977 work, to demonstrate that our spatially explicit sim-
ulations and analytic models provide equivalent results, and to use sim-
ulation approaches to investigate the evolution of dispersal kernel shape
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providing new insights into patterns of marine larval dispersal.
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Understanding the patterns, causes, and consequences of
larval dispersal is a major goal of marine ecology and bi-
ological oceanography (Cowen et al. 2002; Botsford et al.
2009). Patterns of larval dispersal determine the probabil-
ity of larval exchange between populations, which in turn
has major consequences for population dynamics (Bots-
ford et al. 2001; Hastings and Botsford 2006) and genetic
differentiation within metapopulations (Taylor and Hell-
berg 2003; D’Aloia et al. 2015). Consequently, dispersal is
an important consideration in fisheries management and
reserve design (Sala et al. 2002; Sale et al. 2005).
Larval dispersal was once assumed to be extensive, lead-
ing to demographically and genetically open marine popu-
lations (Roughgarden et al. 1985; Scheltema 1986; Roberts
1997). However, interdisciplinary efforts have revealed het-
erogeneity among species in the scale of marine dispersal
(Kinlan andGaines 2003).More recently, complete descrip-
tions of dispersal patterns have emerged, drawing on ge-
netic parentage analysis (D’Aloia et al. 2015; Williamson
et al. 2016; Almany et al. 2017) or spatially extensive data
on reproduction and settlement (Hameed et al. 2016). Col-
lectively, these studies provide evidence that diverse marine
species exhibit leptokurtic patterns of dispersal, with a large
number of offspring staying relatively close to home and a
smaller number of offspring dispersing long distances. The
qualitative similarity in these empirical dispersal patterns,
for marine species with varied life-history traits and habitat
associations, raises the intriguing question of what gener-
ates these patterns.
Generally, when marine ecologists and biological ocean-
ographers consider the causes of variation in patterns of
dispersal, they focus on proximate causes such as adult
spawning characteristics, larval behavior, larval duration,
and oceanographic flow fields (Treml et al. 2015). With28.132.017 on March 26, 2019 12:51:55 PM
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Evolution of Larval Dispersal Kernels 425this approach, biological trait data are used to parameter-
ize coupled biophysical models that track simulated larvae
as they disperse from spawning to settlement sites on ocean
currents (Paris et al. 2005; Cowen 2006; Paris et al. 2013).
These mechanistic models enable predictions of how biolog-
ical and physical drivers could interact to affect larval dis-
persal patterns. Although these models have the potential
to achieve a high level of biological realism, there have been
few direct comparisons between biophysical models and
empirical dispersal kernels. In one published case of direct
comparison, the biophysical model overestimates dispersal
(Hameed et al. 2016), indicating that there is room for com-
plementary approaches.
An alternative approach is to consider the ultimate causes
of variation in patterns of larval dispersal, for example, direct
selection for adult or larval dispersal strategies (sensu Ham-
ilton and May 1977). There is an extensive literature on
the evolution of reproductive strategies (e.g., small eggs and
planktotrophy vs. large eggs and lecithotrophy) in marine
invertebrates (Vance 1973; Christiansen and Fenchel 1979;
McEdward 1997; Levitan 2000), which may have indirect
consequences for the pattern of dispersal. Indeed, building
on this idea, some have argued for the idea that marine larval
dispersal may be a nonadaptive effect (sensu Williams 1966)
of natural selection on other traits, that is, a by-product of
selection for traits with other functions such as predator
avoidance or larval feeding (Strathmann et al. 2002; Pringle
et al. 2014; Burgess et al. 2015). Those studies that have con-
sidered the evolution of larval dispersal strategies directly
have focused on howhabitat fragmentation affects the evolu-
tion of dispersal distance (Baskett et al. 2007) or larval move-
ment (Dytham and Simpson 2007). Still, there are relatively
few theoretical investigations of the idea that marine larval
dispersal may be adaptive, that is, a direct product of selec-
tion for adult or larval dispersal strategies, and such investi-
gations may provide new insights.
Much of the current theory surrounding the evolution
of dispersal builds on the framework developed by Hamil-
ton and May (1977), with terrestrial systems in mind either
explicitly or implicitly. Here dispersal probability evolves to
minimize kin competition and maximize exploitation of
available habitat (see Ronce 2007 for a review of other mech-
anisms, including inbreeding avoidance and bet hedging in
ephemeral habitats). Using an evolutionarily stable strategy
approach, Hamilton andMay (1977) showed analytically that
natural selection will favor parents that allocate a high pro-
portion of their offspring to dispersal, even in saturated en-
vironments in which the mortality of dispersing offspring is
extremely high (Hamilton andMay 1977). Subsequent models
exploring the evolution of dispersal have typically shifted to
an individual-based simulation approach to explore the fac-
tors that influence dispersal rate (Travis and Dytham 1998,
1999), dispersal distance (Murrell et al. 2002; Shaw et al.This content downloaded from 128.1
All use subject to University of Chicago Press Term2014), or, more rarely, dispersal kernel shape (Hovestadt
et al. 2001).
Here we consider the evolution of marine larval dispersal
kernels in spatially structured habitats. Our goal is to pro-
vide new insights into the causes of variation in marine
larval dispersal and to investigate whether selection for dis-
persal can explain observed patterns of dispersal. We begin
with a simple model to illustrate the evolution of dispersal
strategies in a spatially structured, homogeneous world with-
out edges (fig. 1A) and compare and contrast our results with
those of Hamilton and May (1977). Using this model as a
foundation, we proceed to model the evolution of dispersal
strategies in a homogeneous world with edges (fig. 1B) and
a heterogeneous world with edges (fig. 1C). Finally, wemodel
the evolution of dispersal strategies in a real spatially struc-
tured habitat (the Belize Barrier Reef; fig. 1D) and compare
the predictions of our model to the empirically derived dis-
persal kernel of the neon goby Elacatinus lori, a coral reef fish













Figure 1: Environmental structures: A, Homogeneous world with-
out edges (wrapping boundaries; any individual dispersing off one
edge is mapped back via the opposite edge). B, Homogeneous world
with edges (nonwrapping boundaries; individuals dispersing off one
edge die). C, Heterogeneous world with edges (nonwrapping bound-
aries; heterogeneous breeding resources). D, Real seascape. Viable
sites are gray (shaded proportional to breeding resources), nonviable
sites are white, and the edge of the world is denoted with a thick
black line. Two examples of possible dispersal outcomes are each
shown in A–C, where circles are starting locations, open triangles
are unsuccessful postdispersal locations, and filled triangles are suc-
cessful settlement locations.28.132.017 on March 26, 2019 12:51:55 PM
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We first consider an analytic model of a homogeneous world
without edges, similar to that developed by Hamilton and
May (1977; see also app. A; apps. A–E are available online).
We assume that the world consists of S identical sites, ar-
ranged in a two-dimensional lattice with wrapping bound-
aries (fig. 1A). Each site supports one adult, and adults die
immediately after reproduction. Newborn individuals either
disperse or stay at the natal site. Dispersing individuals sur-
vive with probability p, while all nondispersing individuals
survive (i.e., until they compete for a site).
We start by considering a general case. A fraction v of
newborn offspring disperses and can reach one of z sites
(where z ≤ S, the total number of sites). The remaining
12 v offspring stay at the natal site. We look for the evolu-
tionarily stable strategy (ESS) dispersal probability v*. The
fitness of a mutant playing dispersal strategy v0 in a popula-
tion of individuals each playing strategy v will be
w(v 0,v) p
12 v 0
(12 v 0)1 (1=z)[zvp]
1 z
(1=z)[v 0p]
(12 v)1 (1=z)[v 0p1 (z 2 1)vp]
:
ð1Þ
The mutant’s fitness is just the sum of two components:
(1) the probability that the mutant retains its home site, that
is, that one of the natal mutant offspring 12 v 0 wins rather
than one of the v offspring dispersing in from other sites (vp,
the number of residents who successfully disperse from z
other sites, a fraction 1=z of which arrives at the mutant’s
site); and (2) the probability that the mutant wins one of
the other z sites, that is, that one of the mutant offspring
at each of the z sites (v0p)=z wins rather than the natal off-
spring 12 v or one of the other (z 2 1)vp=z offspring dis-
persing in from other sites. To find the ESS, we look for crit-
ical points by differentiating equation (1) with respect to
v0, evaluating it at v0 p v p v*, setting it to zero and solving





This ESS, as with all those presented below, can be thought
of either as a parental decision rule, with parents allocating a
proportion v* of their offspring to dispersal or, as an off-
spring decision rule, with offspring dispersing with probabil-
ity v* (Maynard Smith 1982; Gross 1996). When dispersal is
global and the number of reachable sites is large (z, S → ∞),
we recover Hamilton and May’s (1977) result of v* p
1=(22 p) (fig. 2, dashed lines), and selection will favor
parents that allocate nearly all of their offspring to dispersal
when p is large.
When dispersal is local, dispersing individuals reach
fewer sites than with global dispersal and the fraction ofThis content downloaded from 128.1
All use subject to University of Chicago Press Termoffspring that disperses declines (fig. 2A). If dispersing in-
dividuals travel a distance of 1 site (and thus z p 4), the
ESS dispersal probability is v* p 4=(82 3p) (fig. 2A, line;
app. B). Intuitively, since all sites are equal, when all
dispersers survive (p p 1), the four sites reachable via dis-
persal and the home site all have the same expected payoff.
In this case, selection will favor parents that allocate one-
fifth of their offspring to the nondispersing tactic and
four-fifths of their offspring to the dispersing tactic. If dis-
persing individuals can travel distances of 1 or 2 sites,
twice as many offspring should disperse a distance of 2
as disperse a distance of 1, because those traveling a dis-
tance of 2 can reach twice as many sites (fig. 2B, lines;
app. C). By extension, we can consider dispersing individ-
uals traveling distances 1, 2, . . ., dmax (app. D). Since those
offspring dispersing longer distances can reach more po-
tential sites, parents should always allocate the largest pro-
portion of offspring to the farthest dispersal distance.
In the next section, we move to individual-based model
(IBM) simulations to evolve dispersal strategies in more
complex environments (see also app. E). To confirm that
our IBM results are in fact the ESS, we first simulated
our IBM on a lattice of S p 1,024 (32#32) viable sites.
These simulations produced evolved dispersal strategies
that closely match the analytic ESS (fig. 2, bars vs. lines).IBM Methods
The core of our article is a set of IBMs, described below fol-
lowing the revised overview, design concepts, and details
(ODD) protocol for IBMs (Grimm et al. 2006, 2010) and
deposited in the Dryad Digital Repository: http://dx.doi
.org/10.5061/dryad.s3j9074 (Shaw et al. 2018).Overview
Purpose. The purpose of the model is to determine what
dispersal strategies evolve in different spatially structured
environments.
Entities, State Variables, and Scales. The model consists of
an environment and agents. See table 1 for all model
parameters. The environment is a two-dimensional lattice
of hospitable/inhospitable sites. The model agents are asex-
ual individuals, each characterized by a dispersal strategy
and the identity of the site it inhabits. An individual’s dis-
persal strategy, K, is its dispersal kernel, defined here as the
set of dispersal distance tactics d p f0, 1, 2, :::, dmaxg, each
played with probability kd. The set of kd sums to 1.
Process Overview and Scheduling. Time is modeled as dis-
crete, nonoverlapping generations, per Hamilton and May28.132.017 on March 26, 2019 12:51:55 PM
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Evolution of Larval Dispersal Kernels 427(1977). Within each generation, the processes of reproduc-
tion, mutation, dispersal, survival, settlement, and compe-
tition occur sequentially. At the start of a generation, every
individual produces b offspring and then dies. Each off-
spring is born into their parent’s site and inherits their
parent’s dispersal strategy (see “Mutation”). Each offspring
disperses by traveling a distance according to their dispersal
tactic and lands at a site that distance away (see “Stochas-This content downloaded from 128.1
All use subject to University of Chicago Press Termticity”). Offspring that disperse out of the natal site have a
fixed probability of surviving, p. Given that mortality can
either increase (e.g., increased predation with time spent dis-
persing) or decrease (e.g., increased escape from natural en-
emies; Janzen 1970; Connell 1971) with distance traveled dur-
ing dispersal (Bonte et al. 2012), we make the simplifying
assumption that survival is constant with distance traveled.




























































Dispersal distance: 0 1 2 3
Figure 2: Homogeneous worlds without edges. Shown is the evolutionarily stable dispersal strategy, both analytic (lines) and individual-
based (bars) models, as a function of the probability of surviving the act of dispersal (p), with b p 10 as the reproductive payoff for each
viable site: d p f0, 1g (A), d p f0, 1, 2g (B), and d p f0, 1, 2, 3g (C). Lines indicate the evolutionarily stable strategy for distance 1 (solid,
A–C), 2 (dashed, B–C), 3 (dashed-dotted, C), and, for comparison, the ESS when dispersal is global (dotted, A–C; eq. [1]).28.132.017 on March 26, 2019 12:51:55 PM
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428 The American Naturalistable sites in the environment and survive or, failing to do so,
die. After settlement, any viable site that contains more than
one individual undergoes competition, with only one indi-
vidual surviving in that site.Design Concepts
Basic Principles. In this model, dispersal strategies evolve
over generations in response to the environmental struc-
ture (i.e., the spatial configuration of habitable sites and site
quality).
Emergence. The key model output is the dispersal strategy
that evolves over time within the population, that is, a
probability density function representing the proportion
of offspring allocated to each dispersal distance.
Mutation. Each offspring inherits its parent’s dispersal strat-
egy (a vector of probabilities of the same length as d sum-
ming to 1) with some mutation, using a method similar to
that of Hovestadt et al. (2001). Mutation removes a small
amount (d p 0:001) from a randomly chosen vector element
(bounded at zero to avoid negative probabilities), and this
amount is then added to a distinct randomly chosen vector
element. In sum, with this mutation algorithm, an individu-
al’s final dispersal strategy, K0, is given by
k0 i p ki 2min(d, ki), ð3aÞk0 j p kj 1min(d, ki), ð3bÞ
k0 l p kl  for     l ( i or j : ð3cÞ
Interaction. Individuals only interact through competition,
which occurs when more than one individual settles in the
same viable site in the environment.
Stochasticity. The model processes of mutation, dispersal,
survival, and competition each include stochasticity. WeThis content downloaded from 128.1
All use subject to University of Chicago Press Termuse the inverse cumulative distribution method to generate
random survival during dispersal (with probability p) and
random dispersal distances. We use the Von Neumann
neighborhood to describe the set of possible sites where a
dispersing individual can land (fig. C1; figs. A1, B1, C1,
E1–E3 are available online). An individual dispersing a dis-
tance 1 will land in one of the four sites directly adjacent to
its starting site, an individual dispersing a distance 2 will
land in one of eight sites (four in the cardinal directions
and four along the diagonals), and generally, an individual
dispersing a distance i will land in one of 4i possible sites.
One of these sites is chosen at random for each dispersing
individual. Of the individuals who colonize the same site, a
single winner of the competition is chosen at random and
all other individuals die.
Observation. At the start of every generation (after compe-
tition and before reproduction), the average and standard
deviation (taken across the population) value of each of
the kd probabilities is stored. All individuals start by always
staying at the natal site (dispersing a distance of 0). Simu-
lations were then run for a sufficiently long time, until the
average value of each kd was stable (figs. E1, E2): 105 gen-
erations for most simulations and 2#105 for seascape sim-
ulations. The average dispersal strategy in the population
at this point, K *, was taken to be the evolutionarily stable
strategy. The final kd of all individuals was stored and showed
that it was never the case that several distinct strategies
evolved and coexisted in the population.Homogeneous Worlds with Edges
While the analytic models for homogeneous worlds with-
out edges help build our intuition regarding the propor-
tion of offspring that parents should allocate to each dis-
tance (or the probability that offspring disperse to each
distance), their predictions create a paradox. Specifically,
the predictions run counter to most empirically measuredTable 1: Model parameters and valuesParameter Meaning28.132.017 on Ma
s and Conditions (hSimulation valuebi No. offspring produced by an individual in patch i Varied: 10, U(7,13), U(3,17), or U(0,20)
dmax Maximum dispersal distance 1, 2, 3, or 30
d Dispersal tactic (distance) {0, 1, . . ., dmax}
kd Probability of dispersing a distance d; the sum of kd over all d is 1 Evolved
K Dispersal strategy, i.e., set of all kd kd
p Probability that an individual survives the act of dispersing {.1, .2, . . . , .9, 1}
S Total no. viable sites in the world 1,024 (unbounded, bounded) or 507 (seascape)
d Amount to move from one dispersal probability to another
during mutation
.001rch 26, 2019 12:51:55 PM
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Evolution of Larval Dispersal Kernels 429dispersal kernels (Jordano et al. 2007; D’Aloia et al. 2015),
where more offspring are typically allocated to shorter dis-
persal distances. What is driving this discrepancy between
model predictions and empirical data? In the real world,
in contrast to the preceding models, habitat is finite and
boundaries are rarely wrapping, creating the distinct pos-
sibility of dispersing too far and landing in unsuitable hab-
itat (either locally, outside a suitable site, or globally, out-
side of the biogeographic range). To determine how this
risk of dispersing too far shapes the evolution of dispersal
strategies, we constructed a set of models where the envi-
ronment has edges. That is, in these models, it is possible
for individuals to disperse past the edge of viable habitat
and land in a nonviable site where they die. Edges are a
realistic feature of a diverse set of marine habitats and
can be present when there are hard transitions between
habitat types (e.g., mangrove to seagrass bed) or when a
singular habitat type is patchy and surrounded by unsuit-
able habitat (e.g., hydrothermal vents or coral reefs).
Here we use individual-based simulations to evolve dis-
persal strategies. This model is structurally the same as the
above one except that the S viable sites are surrounded on
all sides by nonviable sites. In this model, dispersal strat-
egies are shaped by two sources of dispersal mortality
(failure to survive dispersal and failure to land in a viable
site) in contrast with the single mortality source in the
model without edges (failure to survive dispersal). Here
as above, parents dispersed a larger fraction of their off-
spring as the probability of surviving dispersal (p) in-
creased (fig. 3). However, given the additional risk of land-
ing in a nonviable site, individuals in a world with edges
allocated more offspring to dispersal distance 0 and fewer
to distance 3 than individuals in a world without edges
(fig. 3A vs. fig. 2C).
To explore how the risk of landing in a nonviable site
shapes the dispersal strategy, we ran simulations with dif-
ferent configurations of viable sites, holding the total num-
ber of viable sites constant. Individuals in an 8#128 site
world allocated many fewer offspring to distance 3 than
individuals in a 32#32 site world, even though the total
fraction of offspring dispersed was similar (fig. 3B vs.
fig. 3A). Individuals in a 2#512 site world allocated es-
sentially no offspring to distances 2 or 3 and overall dis-
persed fewer offspring than individuals in an 8#128 site
world (fig. 3C vs. fig. 3B). In other words, long-distance
dispersal was increasingly disfavored as the habitat config-
uration became more linear. The risk of landing in a non-
viable site had the biggest impact on evolved dispersal
strategies when the probability of surviving dispersal was
high (large p). The inclusion of edges (nonviable sites)
in a homogeneous world helps to resolve the above para-
dox and helps to explain why individuals allocate more to
shorter distances than longer distances.This content downloaded from 128.1
All use subject to University of Chicago Press TermHeterogeneous Worlds with Edges
While the model above helps build our intuition regarding
the proportion of effort that parents will allocate to each
distance in worlds with edges, resolving the first paradox,
it creates a second paradox. Specifically, the predictions still
run counter to most empirically derived dispersal kernels,
where at least some offspring are allocated to long distances
(Jordano et al. 2007; D’Aloia et al. 2015). We have so far
assumed that individuals in all sites have the same repro-
ductive payoff. However, breeding resources are often het-
erogeneous, and thus individuals breeding in different lo-
cations may produce different numbers of offspring. To
explore the role of resource heterogeneity in shaping dis-
persal strategies, we constructed a set of models with an envi-
ronment with edges and spatially heterogeneous resources.
In these simulations, the world consisted of 2#512 viable
sites surrounded by nonviable sites. Each viable site was as-
signed a fixed breeding resource value (number of offspring
supported) bi drawn from a uniform random distribution
with low, medium, or high levels of spatial heterogeneity.
We found that as spatial heterogeneity increased, individ-
uals shifted toward a more uniform dispersal kernel (fig. 4).
This shift was especially pronounced for higher survival prob-
abilities.Real Seascape and Empirical Comparisons
Finally, we simulated dispersal in the Belizean seascape en-
vironment, a long narrow world analogous to the 2#512
site world described above. This enabled us to compare
the model with an empirical study in the same seascape,
which used genetic parentage analysis to directly identify
dispersal events up to 30 km from the source (D’Aloia
et al. 2015). In this environment, individuals can disperse
up to 30 sites away (dispersal tactics d p 0, 1, 2, . . . , 30).
However, individuals primarily evolved to disperse only
0, 1, or 2 sites away (fig. E3). In contrast to the preceding
simulations, we found that the evolved pattern of dispersal
over the full 30 km was similar at multiple levels of spatial
resource heterogeneity; we believe this was driven by the
fact that resource heterogeneity affected only the evolution
of short dispersal distances, so the full dispersal pattern up
to 30 km is rather similar across all heterogeneity simula-
tions. Focusing on the high-heterogeneity simulation as
an example, we calculated the net distance traveled by all
offspring. To compare the seascape model predictions to
empirical data, we considered simulated dispersal events
after survival but before within-site competition, as this
model stage most closely reflects the life stage at which in-
dividuals were sampled in the field (D’Aloia et al. 2015).
We found that both empirical and simulated data show
the same kernel shape, with a prevalence of short-distance28.132.017 on March 26, 2019 12:51:55 PM
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430 The American Naturalistdispersal and a small amount of long-distance dispersal
(fig. 5A). The modal dispersal distance was less than 1 km
in both data sets: 50% of simulated larvae stayed at the natal
site (i.e., dispersed !1 km), and 50% of empirical larvae dis-
persed less than 1.74 km. The simulated data were more
strongly right skewed: 99% of simulated larvae dispersed
within 10 km, and 99% of empirical larvae dispersed within
12.74 km (and this difference would be amplified if each site
supports more than one adult in the model; fig. 5B). Overall,
the simulated and empirical dispersal data both showed aThis content downloaded from 128.1
All use subject to University of Chicago Press Termrapid decline in dispersal probabilities with respect to dis-
tance from source.Discussion
Here we address a critical knowledge gap in the field of ma-
rine ecology—investigating what form of larval dispersal
kernel will be favored by natural selection. First, building




























































Dispersal distance: 0 1 2 3
Figure 3: Homogenous worlds with edges. Shown is the individual-based model evolutionarily stable dispersal strategy as a function of
dispersal survival (p) for d p f0, 1, 2, 3g, in a habitat of 32#32 (A), 8#128 (B), and 2#512 (C) viable sites surrounded by nonviable sites.28.132.017 on March 26, 2019 12:51:55 PM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
Evolution of Larval Dispersal Kernels 431out edges, selection will favor parents that allocate the ma-
jority of their offspring to the longest dispersal distance
class to minimize sibling competition and maximize ex-
ploitation of available habitat. Second, we show that in a
narrow world with edges, selection will favor parents that
allocate the majority of their offspring to the shortest dis-
persal distance class. Third, we show that when resource
heterogeneity is incorporated into the world with edges,
selection will favor parents that allocate offspring moreThis content downloaded from 128.1
All use subject to University of Chicago Press Termevenly across distance classes, without changing the overall
fraction of offspring dispersed. Finally, we show that the
dispersal kernel that will evolve in a real, narrow, heteroge-
neous seascape with edges is of the same general shape as an
empirical dispersal kernel measured in that seascape, with
modal, median, and long-distance dispersal on the same
order of magnitude (D’Aloia et al. 2015). The take-home
message is that leptokurtic dispersal kernels can be evolu-




























































Dispersal distance: 0 1 2 3
Figure 4: Heterogeneous worlds with edges. Shown is the individual-based model evolutionarily stable dispersal strategy as a function of
dispersal survival (p) for d p f0, 1, 2, 3g in a habitat of 2#512 viable sites surrounded by nonviable sites. The reproductive payoff of each
viable site was drawn from a distribution with low (A), medium (B), and high (C) variance.28.132.017 on March 26, 2019 12:51:55 PM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
432 The American Naturalistand this dispersal kernel shape (but not necessarily the
scale) is consistent with most published larval dispersal
kernels for coral reef fishes (D’Aloia et al. 2015; Williamson
et al. 2016; Almany et al. 2017).
This work builds on general evolutionary models of dis-
persal by focusing on the evolution of dispersal kernel
shape, using both analytical and simulation models. In con-
trast, previous studies typically focus on the evolution of
dispersal probability, rate, or distance, using either analyt-
ical or simulation methods (Bolker 2010). Our approach,
combining analytical and simulation models, enables us
to both confirm that our IBM results are, in fact, the ESS
and to more closely link our work to previous work using
either methodology. Additionally, our approach of model-
ing the evolution of dispersal kernel shape conveys three
distinct advantages: (i) it allows us to compare our find-
ings to existing theory on dispersal rate and distance by
extracting these metrics from our richer metric of dispersal
kernel shape; (ii) it allows us to compare our findings to
existing theory on dispersal kernel shape; and (iii) it also
allows us to compare our findings to empirical estimates
of dispersal kernels, based on parentage analyses that are
now emerging.
Comparing our findings to previous theoretical findings
on the evolution of dispersal rate, our results support the
idea that increasing spatial variation alone is not sufficient
to increase dispersal probability (Hastings 1983; fig. 4).This content downloaded from 128.1
All use subject to University of Chicago Press TermTurning to consider the evolution of dispersal distance,
we confirm the result that more bounded landscapes favor
reduced average dispersal distance, both when the shape
of the dispersal kernel is specified (Shaw et al. 2014) or left
to evolve freely (fig. 3). Turning to consider the evolution
of dispersal kernel shape, past simulation studies have
shown that random landscapes select for more uniform
dispersal kernels (Hovestadt et al. 2001) and that auto-
correlated landscapes have differing effects on short- and
long-distance dispersal (Bonte et al. 2010). Here we show
that narrower landscapes select against longer dispersal
distances, an effect that is ameliorated somewhat if there
is resource heterogeneity within the suitable habitat. When
mortality risk increases with dispersal distance in a homo-
geneous environment, intermediate dispersal distances are
favored (Rousset and Gandon 2002). A detailed exploration
of mortality dependent on distance (or time) is beyond the
scope of this article, but we expect mortality increasing with
distance will select against long-distance dispersal and lead
to thinner-tailed dispersal kernels, while mortality decreas-
ing with distance will select for long-distance dispersal and
lead to fatter-tailed dispersal kernels. Taken together, our
analytic and simulation approach links previous bodies of
theory, confirms previous findings, and generates new in-
sights.
Our work complements the work of others who have















































Figure 5: Simulated and empirical dispersal kernels. The simulated kernel represents the evolutionarily stable dispersal strategy from individual-
based simulations on the Belizean seascape, with potential dispersal distances up to dmax p 30, a probability of surviving dispersal p p 1, and a high
level of resource heterogeneity. A, Simulated dispersal data (black line) are shown postsurvival. These postsurvival data represent the larvae that
dispersed to viable reef sites. Empirical data (gray line) are from the same seascape (D’Aloia et al. 2015). B, inset, relative frequency plots for sim-
ulations where each site can support one, two, or four adults.28.132.017 on March 26, 2019 12:51:55 PM
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findings, increased habitat fragmentation has been shown
to favor the evolution of reduced dispersal distance (Bas-
kett et al. 2007), and increased habitat contiguity has been
shown to favor the evolution of increased larval movement
(Dytham 2003; Dytham and Simpson 2007). Our model
builds on these studies by exploring how dispersal kernel
shape evolves in various spatially structured (continuous)
habitats. To our knowledge, no previous models have ex-
plored the evolution of marine dispersal kernel shapes. In
this way, our study parallels advances in empirical data
collection in the marine environment, which has shifted
away from simple metrics of dispersal, such as mean dis-
persal distance (Kinlan and Gaines 2003) or self-recruitment
(Planes et al. 2009; Harrison et al. 2012; D’Aloia et al.
2013), toward more complete descriptions of dispersal ker-
nels (D’Aloia et al. 2015; Williamson et al. 2016; Almany
et al. 2017).
There is one major difference between the simulated and
empirical dispersal kernels. The simulated kernel predicts a
higher probability of dispersal to short-distance classes and
a lower probability of dispersal to long-distance classes than
do the empirical kernels, a difference exacerbated with in-
creased site carrying capacity (fig. 5). This pattern is consis-
tent with the hypothesis of Strathmann et al. (2002) and
Burgess et al. (2015) that much of observed dispersal is
not for dispersal per se but rather is a by-product of selec-
tion for offshore movement in the larval stage. However,
while we consider this hypothesis stimulating, it does not
make quantitative predictions about expected patterns of
dispersal, meaning we cannot falsify this nonadaptive hy-
pothesis for the observed pattern of dispersal. More impor-
tantly, we consider that there are reasonable modifications
of the model that might improve the fit between the simu-
lated and empirical dispersal kernels.
One plausible explanation for this key difference is that
our model assumes hard edges where any individual dis-
persing past the edge dies. It may be the case that larvae
can sense they have passed an edge and navigate from non-
viable sites to viable (reef ) sites, equivalent to cue use dur-
ing dispersal (Bowler and Benton 2005). We anticipate
that including such larval behavior would select for a more
uniform dispersal kernel. The logic underlying this idea is
that as larval swimming and orientation abilities increase,
larvae may be able to be cast further from suitable habitat
without that leading to certain death, if they can navigate
back to suitable habitat. If this were the case, then interspe-
cific variation in swimming abilities (Fisher et al. 2005; Ho-
gan et al. 2007; Nanninga andManica 2018) might partially
explain interspecific variation in dispersal kernels (D’Aloia
et al. 2015; Williamson et al. 2016; Almany et al. 2017).
Confronting these simple evolutionary models with em-
pirical data raises the question of whether parents canThis content downloaded from 128.1
All use subject to University of Chicago Press Termcontrol the distance their offspring travel and/or whether
larvae can inherit dispersal strategies. Parents may plausi-
bly have some control by varying investment within or
across clutches (Kolm 2001) or by timing gamete or larval
release with conducive oceanographic conditions (Robert-
son et al. 1990; Robertson 1991). The extent to which lar-
vae inherit dispersal strategies remains largely unexplored,
but there is some evidence for heritable marine dispersal
polymorphisms in invertebrates (Toonen and Pawlik 2001)
and heritable larval body size in vertebrates (Johnson et al.
2010). More research is needed to disentangle genetic and
environmental effects on different species’ realized dispersal
kernels. Independent of the exactmechanisms, our approach
shows that the ESS dispersal strategy from a relatively simple
evolutionary model provides a good foundation that could
be modified in various ways to predict empirical larval dis-
persal distances for Elacatinus lori, and this should stimulate
further research into the mechanisms.
The framework we develop here could be used to model
the evolution of dispersal kernels of different species in dif-
ferent seascapes (or, indeed, landscapes), enabling us to
gain new insights into interspecific variation in dispersal
kernels. Given a habitat map and a biogeographic range
for any species, one could increase the maximum dispersal
distance allowed in the simulations until the probability of
dispersal to the farthest bins tends to zero. Recent work
has shown that codistributed populations of different spe-
cies can exhibit different dispersal kernels within the same
seascape (Almany et al. 2017), suggesting that accounting
for range size, habitat requirements, and/or larval behavior
may be important extensions of this approach to explain
interspecific variation in dispersal kernels. Our framework
could also be extended to include other mechanisms shap-
ing the evolution of dispersal (see Ronce 2007) that may be
important. Our hope is that this study will stimulate new
avenues of research that combine mathematical models
and empirical data to explore ultimate causes of larval dis-
persal and help us make better predictions of population
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